Introduction
The development of optical fiber gratings (OFGs) had made significant advances both in terms of research and development of optical communications and sensors. OFGs are intrinsic devices that allow modulate the properties of light propagation within the fiber. Grating structures are comparatively simple and in its most basic form, consist on a periodic modulation of the properties of an optical fiber (usually the refraction index of the core). Its application as a sensing element is advantageous because of the intrinsic characteristics of the fiber sensors, such as remote sensing, electromagnetic immunity, weight and compactness, and capability for real time sensing and low cost [1] .
Among OFGs, long period fiber gratings (LPFGs) are one of the most important fiber-based sensors. They were first presented by Vengsarkar and co-workers in 1996 [1] as band-rejection filters. Since then, LPFG technology has been receiving continuously growing attention from scientific community. Due to their spectral characteristics, LPFGs have found many applications in both optical communications and sensing systems. In the optical communications field, they have been demonstrated as gain equalizers [1] , dispersion compensators [2] , optical switches [3] , components in wavelength division multiplexing (WDM) systems [4] , band rejection filters and mode converters [5] . For optical sensing applications, LPFGs have been implemented as a temperature [6] , strain [7] and refractive index sensor [8] [9] [10] . As element sensor a LPFG exhibits high sensitivity to the refractive index (RI) of the material surrounding the cladding surface. Other strengths are their low insertion losses, low back-reflection, polarization independence, relatively simple fabrication, and remote sensing easily multiplexed.
These gratings devices operate in transmission mode and are manufactured with periods typically in the range from 100 µm to 1000 µm [6] . Their large modulation period promotes the coupling of the light from the fundamental core mode to co-propagating cladding modes in a single-mode fiber [1] . The light coupled to the cladding decays quickly due to the absorption and scattering by the coating over the cladding.
A commonly-used optical fiber typically consists of a core and a cladding. In Figure 1 it is schematized the coupling mode that occurs in a LPFGs inscribed in single-mode fiber (SMF). As a result, the transmission spectrum of a LPFG has a series of resonant loss peaks (attenuation bands) centered at discrete wavelengths. A typical (theoretical) example is shown in Figure 2 . 
in which n eff,co and n eff,cl are the effective refractive indices of the fundamental core mode and the m th cladding mode, respectively; λ res is the center wavelength of the transmission resonance; and Λ is the period of refractive index modulation [12] .
Both resonant wavelength and attenuation amplitude of LPFGs are sensitive to a several physical parameters: temperature, strain, external refractive index, fiber dimensions, grating pitch, etc. These physical parameters affect the coupling between the core and cladding modes, which could lead to both amplitude and wavelength shift of the attenuation bands in the transmission spectrum [13] . The measurement of these spectral parameters in response to the environment surrounding the grating region is the basis of sensing with these devices.
In particular, LPFGs exhibits high sensitivity to changes in the RI of the medium surrounding the fiber due to the dependence of the phase matching condition upon the effective refractive index of the cladding modes. This characteristic makes these structures very attractive for sensing applications and several configurations, as well as applications, of LPFG devices for the measurement of physical and chemical quantities have been studied [6] [7] [8] [9] [10] [11] [12] [13] .
As mentioned before, LPFGs are created by inducing a periodic refractive index modulation (typically 10 -4 [14] [15] [16] [17] [18] [19] ) in the core of an optical fiber with period lengths of several hundred micrometers. This can be made by permanent modification of the refractive index of the optical fiber's core or by physical deformation of the fiber.
Since the first demonstration of these devices by writing the grating with ultraviolet (UV) laser light through an amplitude mask in 1996 [1] , several methods have been developed to create and improve the quality of the LPFGs. The conventional UV writing method is based on the exposure of photosensitive optical fibers to UV light through an amplitude mask, phase mask or by interferometry [8] [9] . In germanium-doped (Ge-doped) silica fibers, UV light changes the refractive index of the core fiber, being this effect related with the formation of Ge-associated defects [20] . However, this method has some inherent limitations. It requires complex and time-consuming processes, including annealing and hydrogen loading for making the fibers photosensitive, and different amplitude masks when different dimensions are required. Also, the masks need replacement after prolonged usage and the required laser equipment is expensive.
There are, however, many non-photochemical methods available for gratings inscription. These include ion beam implantation [21] , applying mechanical pressure [22] , electric-arc discharge [23, 24] and irradiation by femtosecond laser pulses [25] or CO 2 laser beam [26, 27] . Among these methods, the latter is particularly flexible, as it can be applied to different types of fibers and the writing process can be computer-controlled to fabricate complicated gratings profiles without using amplitude masks. Furthermore, the use of infrared radiation as showed that the resulting interaction mechanisms are more efficient and allow creating devices with particular characteristics.
Taking this in consideration, this chapter addresses the application of CO 2 laser radiation in writing LPFGs and the physical principles involved in the process. A special emphasis will be given to the modulation of the refractive index resultant from the interaction between the midinfrared (MIR) radiation (emitted by these lasers) and a conventional Ge-doped SMF.
In section 2 it will be described the fabrication process for applying the MIR radiation, starting with a review on the use CO 2 lasers in the creation of LPFGs. Experimental work is presented as well as the physical principles that may be responsible to induce the periodic refractive index modulation in the fiber's core.
Section 3 will address the subject of simulating the thermal mechanical processes involved in the process. Analytical and numerical models will be analysed and compared. In particular, a 3D finite element method (FEM) model will be presented, including the temperature dependence of the fiber's main parameters.
In section 4, it is presented a practical example of writing LPFGs on a Ge-doped fiber using a CO 2 laser. A comparison between calculated data and experimental data is made, and future work towards a full understanding of the physical processes is foreseen.
CO 2 laser induced LPFG
The use of CO 2 lasers to write LPFGs has emerged as an important alternative. Compared with other LPFG fabrication methods, this irradiation technique provides many advantages, including high thermal stability, more flexibility, lower insertion loss, lower cost. This section addresses the application of the CO 2 laser irradiation in creation of LPFG and the physical principles involved in this process.
The first results of the application of the 10.6 µm wavelength radiation emitted by CO 2 lasers for the fabrication of LPFG in a conventional fiber were published in 1998 [26] [27] [28] . Since then, different experimental methodologies have been described. The most common is the point-topoint technique using a static asymmetrical irradiation with a CO 2 laser emitting in a specific mode (continuous wave, CW, or pulsed) and a lens focusing the beam on the fiber. Akiyama [28] used continuous wave emission, while Davis [26] applied laser pulses with powers of about 0.5W.
In Figure 3 it is presented a schematic representation of a typical LPFG fabrication system based on the point-to-point technique employing a CO 2 laser. The optical fiber with its buffer stripped is placed on a motorized translation stage. In order to keep the fiber straight during the writing process, a small weight is applied at the end of the fiber and the laser beam is focused on the fiber. In this technique the periodicity of the LPFG writing is accomplished by moving the fiber along its axial direction via a computer controlled translation stage, which also controls the CO 2 laser beam emission. A broadband source and an optical spectrum analyzer (OSA) are employed to monitor the evolution of the spectrum during the laser irradiation. This method has the advantage of requiring a simpler setup, although the irradiation occurs on just one of the sides of the fiber. Also, the translation stage movement can generate vibrations that may be transmitted to the fiber, affecting the quality and repeatability of the LPFG. This problem can be solved using a system where the beam delivery system is moving instead of the fiber [29] or if the fiber is maintained static and a two-dimensional galvanometric mirrors system scans the beam over its surface [29] [30] . Some authors reported hybrid methods, combining point-by-point and scanning [31, 32] . In this chapter we will consider the method presented by Alves et al. [32] that combines a translation stage to move the fiber synchronized with a one-dimensional scan over a cylindrical lens. Since the silica glass has strong absorption around the wavelength of the CO 2 laser radiation, the beam intensity is gradually attenuated along the incident direction, resulting in asymmetric RI modulation. Such distribution could cause coupling of the core mode to both the symmetric cladding modes and the asymmetric cladding modes [33] . As a result, high fiber grating birefringence and high polarization-dependent loss can become inevitable [30] .
In order to solve the birefringence problem, different methods have been proposed. Singleside and symmetric exposures to the laser radiation were compared by Oh et al. [34] , demonstrating that the polarization-dependent loss of the single-side exposure (1.85 dB at 1534 nm) could be significantly reduced to 0.21 dB by applying the second method. Nevertheless, due to its simplicity, the single-size exposure is the most common applied methodology. Grubsky [35] proposed a simple fabrication method for obtaining high-quality LPFGs with a CO 2 laser using a reflector to make the fiber's exposure axially uniform. Zhu et al. [36] used a high frequency CO 2 laser system to write LPFGs with uniform RI modulation by introducing twist strains to the fiber and then exposing the two sides of the fiber to the laser radiation. Experimental results showed that twisted LPFGs (T-LPFGs) exhibited clear spectra, low insertion losses, and low polarization-dependent losses when compared with those created by exposure to a single-side CO 2 laser beam [37] .
Gratings inscription was also achieved through the use physical deformations (or geometrical deformation). Wang et al. [38] proposed a new method for writing an asymmetric LPFG by means of carving periodic grooves on one side of a fiber with a focused CO 2 laser beam. The periodic grooves do not cause a large insertion loss because these grooves are totally confined within the cladding and have no influence on the light transmission in the fiber's core. The grooves enhance the efficiency of grating fabrication and introduce unique optical properties (extremely high strain sensitivity). In 2006, Su et al. [39] demonstrated the possibility of producing long-period grating in multimode fibers by deforming the geometry of the fiber periodically with a focused CO 2 laser beam and applied them to strain measurements.
Besides conventional single-mode fibers (SMFs), CO 2 laser have been used to write LPFGs in other types of fiber, such as boron doped SMF [40, 41] , and photonic crystal fibers (PCFs) [42, 44] .
There have been many studies focused on the understanding of the physical mechanisms involved in the CO 2 laser writing process for different kinds of fibers. Most of the existing works consider that the main mechanisms responsible for creating a refractive-index change in the CO 2 laser irradiation-induced LPFGs are residual stress relaxation processes [26, 29, 35, [40] [41] [42] [43] [44] . In these processes, heat created by the absorption of laser energy in the material play an important role and, as will be explained next, modelling the writing process requires considering both thermal and mechanical processes.
Thermo-mechanical modelling
As mentioned before, the main effect behind LPFG fabrication using CO 2 lasers is heating, where the refraction index change is achieved by irradiating a fiber submitted to a tensile stress. The high absorption of the glass material to the MIR radiation emitted by these lasers leads to an excess of energy due to the excitation of the lattice which is transformed into heat, increasing the material's temperature from its surface to its bulk by heat conduction. This effect depends on the irradiation time and on the thermal diffusivity of the material, it is localized and periodically induced in the fiber's length, being responsible for the creation of the gratings.
Considering the temperature, T, changing with time, t, (transient regime) due to the action of a heat source Q(r,t), the resulting energy balance leads to the heat conduction equation:
where r represents the geometric coordinates (depending on the geometry) and being ρ the density, ū the velocity vector, C p the specific heat and K the thermal conductivity. The convective and radiative heat flux is represented by [45] :
being T ext the external temperature, T amb the ambient temperature, h the heat transfer coefficient, σ B the Stefan-Boltzmann constant and ε the surface emissivity.
If enough energy is applied, differences in the thermal expansion coefficients and viscosity of core and cladding lead to residual thermal stresses and draw-induced residual stresses, and refractive index change results from frozen-in viscoelasticity [46] . The analysis of these effects is complex and highly dependent on the physical characteristics of the different materials composing the optical fiber. For simplifying the subject, we will consider silica-based single mode fibers since they are at the base of most LPFGs manufactured using CO 2 lasers. Also, from the different irradiation methodologies explained in the previous section, we will consider the coordinate referential illustrated in Figure 4 . The main interfaces between regions of interest in the fiber, illustrated in Figure 4 (b), are represented by a point in the upper surface (relative to laser incidence), two points in the cladding/core interface and one point in the bottom interface. In order to simplify the plots regarding calculated data in section 4, and since early work demonstrated low variation in temperature between the cladding/core interfaces [47] [48] [49] , we use the core's middle point instead. 
Laser heating modelling
When considering an homogeneous isotropic material, the condition of mass conservation, and introducing the thermal diffusivity k, given by K/(ρC p ), Equation (2) can be simplified to:
For a laser beam incident on a surface and propagating in the z-direction:
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where a T is the attenuation coefficient of the material, R its reflectance and I(r) the irradiance. For continuous wave emission with a duration t on :
Accordingly with the irradiation geometry schematized in Figure 4 , and considering that the laser beam has an elliptical Gaussian distribution at the surface being irradiated, then [50] :
where r x and r y are the values of the ellipse's semi-minor and semi-major axis, respectively.
If one neglects radiative and convective losses and considers temperature dependent material properties, then it is possible to obtain analytical expressions to the temperature. Typically [47, 50, 51] , the heat equation is solved numerically using the Green's function method and the temperature can be obtained [49] : 
From (8) an on-axis approximation can be used [51] and the temperature rise can be approximated through simple analytical expressions:
for the steady state condition (t >> r x 2 r y 2 / 4k) and ( ) ( )
under transient conditions. Although Yang et al. [51] proved that these equations can be used to study the thermal transport in CO 2 laser irradiated fused silica, when modelling the effects in writing LPFGs, the full 3D temperature distribution is required and a numerical approach is mandatory [48] . Using a dedicated Finite Element Method (FEM) program, although computationally demanding, allows not only considering all the physical phenomena, but also including the temperature dependence of the materials and even the simulation of consecutive periods. If two laser shots are considered, one centred in (0,0,0) and at t=0 s, and the other at x=Δx and t=t 2 =t on +Δt. In the latter case (t=t 2 ), equations (6) and (7) are altered accordingly to
Residual elastic stresses modelling
Residual elastic stresses are considered those that are frozen into the fiber [52] and have an important impact on the production of LPFG since they affect the refractive index of an optical fiber. When using the considered MIR radiation, two categories of residual elastic stresses must be considered: thermal and draw-induced stresses.
Residual thermal stresses
Residual thermal stresses appear as the optical fiber is cooled down from high temperatures and regions with different thermal expansion coefficients contract differently in time. Dopants introduced increase the differences in viscosity and thermal expansion coefficients.
A solution for the resulting residual thermal stresses of an initially unstressed axisymmetric cylinder heated at a given temperature, T, can be obtained using the radial coordinate r [52, 53] 
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being r c the radius (cladding or core), E the Young's modulus and υ the Poisson's ratio. This solution is valid when the elastic properties can be considered constant, which doesn't applies for optical fibers. Thus, and similarly to the approximated solution for heating, given by equations (8) and (9), not taking in consideration the temperature dependence of the different parameters can lead to non-accurate results. Again, the use of numerical methods, with particular focus on FEM, are appropriated and give the opportunity to combine both heating and thermal stresses models. In this case, by solving equation (4), the thermally-induced residual stresses, σ T , can be obtained considering the constitutive equations for a linear isotropic thermoelastic material and the stress tensor obtained.
Draw-induced stresses
Residual stress effects on the refractive indices of fibers were reported for the first time by Hibido et al. in 1987 [54, 55] regarding undoped silica-core single mode fibers. Considering a fiber with core and cladding, having different viscosities due to different dopants concentrations, during the draw process the higher viscosity glass will solidify first and support the draw tension. The low-viscosity glass solidifies conforming with the elastically stretched highviscosity glass. Then, when the draw force is released at room temperature, the high-viscosity glass cannot contract due to the already solidified low-viscosity glass. The resulting residual axial elastic stresses can be expresses as
being F the draw tension, A the cross-section area and E the Young's module for the considered regions. The indexes 1 and 2 in these equations represent the regions of low-viscosity and highviscosity glasses, respectively.
Similarly to these stresses, frozen-in inelastic strains were also found if a fiber is rapidly cooled to room temperature while under tension (as in the considered case) [46, 52] . Using the equivalent elastooptic relations [52] , the isotropic perturbation on the refractive, Δn, index is ( )
In the later expression, n is the nominal refractive index, χ(T F ) is the relaxation compressibility at the fictive temperature, T F , p is the orientation average elastooptic coefficient, and σ the overall residual stresses (in MPa) in the fiber's axial direction. Accordingly with Yablon [52] , stresses in the other directions can be neglected.
Besides stress-related refractive index change, localized heating can induce micro-deformation of the fiber and changes in the glass structure. The latter is likely to occur in the core for which the fictive temperature (the glass structure doesn't change below the fictive temperature) is lower [56, 57] . As reported for a Ge-doped core (e.g. the fictive temperature ranges from 1150 K to 1500 K.
A practical example
To illustrate the application of the theory and also correlate it with experimental data, we will consider a common example of LPFG writing using NIR radiation: a standard single-mode fiber, SMF-28 [58] , consisting of a core of 3.5 mol% Ge-doped SiO 2 , is irradiated by a CW 10. Also, in this case, equations (17) and (18) represent, respectively, the residual axial elastic stresses at the core (low-viscosity glass) and the cladding (high-viscosity glass) [46] .
The particular conditions used in both simulation and experimental works, as well as the obtained results, will be detailed next.
Simulation
The simulation of the writing process was made implementing a 3D FEM model using the COMSOL Multiphysics program. Whenever relevant, the material's dependence with temperature was considered and the proper geometry and FEM parameters defined.
Besides COMSOL, two other programs were used: Matcad and a simulation tool developed in MatLab by Baptista [60] based on the three layer model developed by Erdogran [14, 60] . The
latter was used to apply the refractive index data obtained in the FEM model to simulate the transmission spectrum of a LPFG. Matcad was used to solve equations (8) and (11) and compare the temperature data with that obtained through the FEM model.
Fiber's characteristics
When light interacts with matter, one of the main parameters is the absorption coefficient, a T . As it can be deduced from the formulae of section 3, it plays a major role in the process of heating the fiber. Besides its dependence with the wavelength of the light, it varies with temperature. This variation is important and for the 10.59 µm CO 2 laser wavelength (λ 1 ), within 298 K-2,073 K temperature range can be obtained by [61] :
( ) ( ) 
For the thermal conductivity, heat capacity, density and emissivity, the temperature dependence was modelled using native COMSOL functions for a Corning fused silica glass (7940) [48] . The doping effect on most of the parameters was disregarded mainly because the Ge concentration in the fiber's core is very low [62] . However, for the Young's modulus and Poisson's ratio ( Figure 5 ), the function behaviour was extrapolated [63] . Also, both the heat transfer coefficient and reflectivity were considered constant and equals to 418.68 W m −2 K −1 [45] and 0.15 [51] , respectively. 
Implementation
The physical problem was mathematically solved using the FEM model implemented using the COMSOL Multiphysics 3.5 program to create the transient heat conduction and (mechanical) stress-strain models under the conditions of this study. In order to introduce some of the complexity of stress-related issues regarding the processing of the optical fibers, the residual axial elastic stresses were implemented considering Equations (9) and (10) and the total resulting stress was obtained adding the thermally-induced residual stresses obtained with the program.
As illustrated in Figure 4 , the implemented geometry consists of a set of (concentric) cylinders with radius of curvatures accordingly with the characteristics of the core and cladding of the fiber previously described. To avoid the influence of the external boundaries on the irradiated and analysed zones, the overall length for the geometry was set as 13 mm. However, to reduce the computational load and loosen the mesh dimensions in the volumes not affected heat source, the cylinders were implemented as three separate sets; the central one, where the laser incidence will be simulated, has a 1.7mm length. The outer set of cylinders are asymmetric since the second laser shot will be simulated just in the positive x-direction. Table 1 presents the 3D geometry data and the mesh statistics and Figure 6 shows the implemented mesh, with particular focus on the central irradiation zone. Both outer boundary surfaces are defined as thermally isolated, being one of them fixed. The ambient temperature was considered to be 295 K and equal to the external temperature, T ext in Equation (3). Writing of Long Period Fiber Gratings Using CO 2 Laser Radiation http://dx.doi.org/10.5772/59153 Figure 6 . Image of the mesh implemented at the central zone of the FEM geometry. The coloured region corresponds to the central geometry with finer mesh (Table 1 ).
Experimental methodologies
The implemented irradiation methodology combines a translation stage to move the fiber synchronized with a one-dimensional scan over a cylindrical lens [32] . Figure 7 shows a schematic of the setup and Figure 8 a picture of its implementation. The light source is a Synrad 48-2 CO 2 laser emitting a 3.5 mm diameter CW laser beam with a wavelength of 10.6 µm. Two mirrors direct the beam towards the focusing lens, a ULO Optics ZnSe cylindrical lens (50 mm focal length) which produces a 0.15 mm x 1.75 mm (measured using the knife-edge method [64] ) elliptical spot on the fiber with its longer axis perpendicular to the fiber's axis. One of the mirrors is a galvanometric mirror (Cambridge Technology 6860) which allows a scan over the lens (and, consequently, over the surface of the fiber).
A linear translation stage moves axially the fiber so the periodic refractive index change is accomplished. During the process, one of its ends is fixed and a weight (typically ~50 g ± 0.5 g) hangs on the other, thus creating a tension. Thus, this system acts like a XY writing system. The advantage of the translation stage is its long range with micrometric precision (10 cm with a repeatability of 1 µm). However, it has the disadvantage of having relative low speed when compared with a galvanometric system. Combining the two systems, we have the benefit of having a long X-axis range with a fast Y-axis range and, by moving the laser spot very fast over the fiber (Y-axis), lower interaction times can be achieved. Also, since the laser is not always over the fiber, it's possible to have the laser emitting continuously, which prevents the transients during the laser start-up and allows easier control of its power. Uncertainties regarding the irradiation data are: power, ±0.5 W; duration, ±1 ms.
To monitor the LPFG fabrication process, a broad band light source (Thorlabs S5FC1005S) and an OSA (Agilent 86140B) were used. The irradiated zones were analysed using an optical microscope (Zeiss AxioScope A1) with a maximum amplification of 1,000×. The LPFG period is limited by the laser spot size and by the translation stage minimum movement. In the considered setup, since the translation stage can have 1 µm steps, the laser spot size (150 µm) constitutes the major limitation.
Results and analysis
An example of the temperature distribution resulting from considering 6 W laser power, irradiation duration of 0.6 s and 47 g weight (F=0.461 N) is shown in Figure 9 (a). The result of simulating a second irradiation (equivalent to have a LPFG period), 1 s after the first, at a distance of 500 µm, is shown in Figure 9 (b). Figure 10 shows the equivalent plots of temperature with time for the irradiated front, core (middle) and the back surfaces (Figure 4 ), at x=y=0 m and x=500 µm, y=0 m. These plots show that the (spatial) proximity between shots raises the temperature even when they are not under direct irradiation. As the distance reduces (shorter LPFG periods), this secondary heating increases (Figure 11 ). This is particularly important when the second shot is applied because Writing of Long Period Fiber Gratings Using CO 2 Laser Radiation http://dx.doi.org/10.5772/59153 of the possibility of annealing, which could (totally or partially) relieve the previously induced internal stresses.
Similarly, as we analyse the temperature distribution at the fiber's axial direction plotted in Figure 12 (a) (for the same conditions of Figure 10 ), the superposition of thermally affected areas in both shots underlines one critical aspect when writing LPFGs: the influence of the grating's period on the pitch width, and consequent "softening" of the spatial refractive index gradient. As it can be seen in Figure 12 (b), as the period decreases, the interception's xcoordinate values decreases and the temperature at that point increases.
The practical consequence of this behaviour it's not clear at this time and further research is necessary, but these phenomena can be responsible by the reduction of the success rate in producing LPFGs with shorter periods found in other studies [65] .
The importance of using the FEM simulation instead of the analytical equation (11) or the approximated integral equation (8) is observed in Figure 13 for the temperature at the core (middle). In fact, disregarding radiative and convective losses, adding to the important variation on the parameters values with temperature, deviates the solution by a significant amount (about 200 K at its maximum values, between each solution).
As expected, as the laser power increases, the temperature also increases. From the data obtained using the FEM model and plotted in Figure 14 , a 3 rd order polynomial can be used to relate these two parameters. Considering ( ) (with the laser power, P, in W, and the temperature, T, in K), Table 2 gives the equivalent parameters for the different zones of the fiber.
For the considered example, at t=0.6 s, axial residual thermal stresses values along z-axis were determined as having a maximum of about −0.8 MPa. Axial elastic stresses act in the opposite direction and were calculated as being σ x,1 =35 MPa and σ x,2 =0.153 MPa. This results in refractive index changes (difference between final and initial values) for the core and cladding of the order of −2 × 10 −4 and 4 × 10 -6 , respectively. Figure 15 shows the calculated (maximum) changes for different laser power. Under the considered conditions, it is clearly observed that for the cladding, a well-defined step occurs between 4.5 W and 5 W. Regarding the core, although its refractive index shows minor variations, it is possible to observe the beginning of the contribution of thermal stresses around 5 W. Table 2 . Coefficients for equation (22) , depending on the analysis point being considered (Figure 4 ).
Another parameter to take in consideration is the draw force due to the weight applied on the fiber. Figure 16 shows the behaviour of the refractive index change with the applied force (and corresponding weight), considering P=6 W and t on =0.6 s. This parameter affects mainly the core and a linear relation (with F in N) can be obtained: A microscope photograph of an example of an irradiated fiber under the experimental conditions considered in this work is shown in Figure 17 . The imaged zone comprises one 500 µm period of a 25 mm grating irradiated with 6 W, for a duration of 0.6 s (each pulse) and subjected to a weight of 47 g. It is also visible a (small) micrometric deformation of the fiber in each irradiated region. Figure 18 shows the spectral transmission of the written LPFG, comparing the experimental data with the simulated spectrum, obtained using the refractive index changes calculated by the FEM model and using the simulation tool developed by Baptista [59] .
In spite the relative spectral transmission data agreement, the experimental work demonstrated that different operational parameters can influence the resulting LPFG. In particular, the way the weight is positioned and laser power fluctuations can easily change the final result.
In general, the process involves monitoring the transmission spectrum and iterative action on the length of the LPFG so a well-defined resonance is obtained. In our setup, the feedback on the emitted laser power reduces the problem, but not completely.
Although theoretically we could simulate considering different laser powers and weights, experimentally it was observed that using lower laser powers (<5 W) no LPFGs were obtained. Also, using higher laser powers (>8 W) or higher weights (typically >60 g, F > 0.6 N) tapering occurs, a phenomena not included in our model.
The values obtained by the model are in agreement with those estimated by other authors for the refractive index modulations necessary for achieving a fiber optic grating. Temperatures Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications calculated are similar to those obtained by other authors for arc-induced LPFG (e.g. in the range 1,100 K-1,400 K according to [56] ) and the refractive index changes are within the overall range mentioned in other works [46, 52, 56] . Also, the behaviour of the refractive index change as the applied drawing force increases complies with recent experimental indications that the refractive index of the core decreases while the opposite occurs in the cladding, and that this change occurs primarily in the core [66, 67] .
Nevertheless, a complete model of the complex physical phenomena involved, in particular regarding the refractive index change dependence on stress, requires further research. It's expected that future work will focus on experimental measurements of temperature, stresses and refractive index changes induced by the MIR laser radiation. Also, although published works can contribute in assessing the validity of the results, the influence of specific charac- Figure 17 .
Writing of Long Period Fiber Gratings Using CO 2 Laser Radiation http://dx.doi.org/10.5772/59153 teristics of the fibers is a well-recognized issue. In particular, the effect of pre-existing stresses (typically from the fiber manufacture or preparation), differences in the materials, or other unaccounted phenomena can influence the performance of the FEM model when compared with real data. Similarly, the impact of the several approximations considered (e.g., transverse stresses are neglected), unaccounted phenomena like eventual changes on the glass polarizability and using standard material data must be analysed in detail, as well as the influence of the experimental data uncertainties on the model.
Conclusions
In Summary, the CO 2 laser irradiation technique is a highly efficient, low cost and versatile technique to write high-quality LPFGs in different types of optical fibers, such as conventional single mode fibers, polarization-maintaining fibers, and photonic crystal fibers. This technique offers a number of advantages over other fabrication techniques. It eliminates the need of using a mask as well as the need for pre-hydrogenation of the fiber and consequent post-thermal annealing to stabilize the gratings. The LPFGs induced by CO 2 laser exhibits unique grating properties, such as high thermal stability.
Although simplifications can lead to analytical equations, FEM modelling allows more realistic simulations of the physical processes involved in the writing of LPFGs using MIR radiation. The 3D model presented simulates the writing of one period and allows the analysis of both thermal and stress data. All the main practical parameters are considered as inputs and thermal dependence of the material's data is included.
The model performance was evaluated by considering a practical example of writing LPFGs on a Ge-doped fiber. Different analysis were presented and it was demonstrated that refractive index changes predicted by the FEM model led to transmission spectra with resonance peaks similar to those obtained experimentally. So, although additional work should be performed to further validate the analysis done (mainly regarding the characterization of stresses acting in the optical fiber and experimentally measuring refractive index changes), the FEM results are in accordance with literature and experimental data.
